When we were studying the vacuum switch, we found that the vacuum diode can radiate a broadband microwave. The vacuum diode is comprised of a cathode with a trigger device and planar anode, there is not a metallic bellows waveguide structure in this device, so the radiation mechanism of the vacuum diode is different from the plasma filled microwave device. It is hard to completely imitate the theory of the plasma filled microwave device. This paper analyzes the breakdown process of the vacuum diode, establishes the mathematical model of the radiating microwave from the vacuum diode. Based on the analysis of the dispersion relation in the form of a refractive index, the electromagnetic waves generated in the vacuum diode will resonate. The included angle between the direction of the electromagnetic radiation and the initial motion direction of electron beam is 45 degrees. The paper isolates the electrostatic effect from the beam-plasma interaction when the electromagnetic radiation occurs. According to above analyses, the dispersion relations of radiation are obtained by solving the wave equation. The dispersion curves are also obtained based on the theoretical dispersion relations. The theoretical dispersion curves are consistent with the actual measurement time-frequency maps of the radiation. Theoretical deduction and experiments indicate that the reason for microwave radiating from the vacuum diode can be well explained by the interaction of the electron beam and magnetized plasma.
Introduction
When we studying the vacuum switch, we found that the vacuum diode can radiate a broadband microwave. The preliminary mechanism analysis of the radiation [1] shows that the magnetic field generated by the current flowing through the plasma makes the plasma become anisotropic and inhomogeneous; the radiation of the plasma is a kind of selfexcited radiation. The dispersion relation has not been obtained.
There are electron beam and plasma in the vacuum diode, the vacuum diode has some similarities with the plasma filled microwave device [2, 3] . The mechanism of plasma filled devices is mostly based on the concept of the Ion-channel [4] . This concept requires t t < 0.5 , i t is the duration of electron beam pulse and t i is the ion plasma period. In the experiments of the vacuum diode which we have completed, the current flowing through the vacuum diode is less then 1 kA, the density range of the plasma is 10 15 m −3 to 10 18 m −3 , so that t » 0. 5 1750 ns.
i max
The duration of the electron beam that we measured is about 200 ns, it is less than t 0.5 , i max so that there is the phenomenon of beam-plasma interaction which is similar to the plasma filled microwave device in the vacuum diode. But the vacuum diode also has important diversity from the plasma filled microwave device. There are not the slow wave structures of metal ripple or metal waveguide in the structure of the vacuum diode, and the vacuum diode consists of a cathode with a trigger device and plate anode. The equations in this paper are similar to the equations established for the plasma filled microwave device, but the boundary problem in this paper is very different from the plasma filled microwave device.
Through the preliminary analysis and the contrast between the vacuum diode and the plasma filled device, it is hard to completely imitate the existing theory to explain the radiation mechanism of the vacuum diode. The plasma is not a passive medium, and there will be interaction between the electron beam and the plasma [5, 6] . The interaction will lead to variety instabilities [7] [8] [9] , and it will make the mechanism of radiation become more complex [10] [11] [12] . According to the physical process of the microwave radiation from the vacuum diode, this paper establishes a mathematic model of the process and obtains the dispersion relations of the model, and then the paper compares and analyzes the theoretical results and the actual measurement results of radiation.
Physical model of microwave radiation
A high speed camera is used to take pictures of electric breakdown in order to analyze the radiation mechanism. Figure 1(a) is the moment of trigger. When the diode is triggered, the initial plasma will be generated in the trigger gap, and then electrons of the initial plasma surface are driven towards the anode by the electric field between cathode and anode.
Figure 1(b) is the moment of anodic plasma formation, the anodic plasma is generated by electron bombardment. figure 1(c) is the moment of cathode and anode plasma closure, plasma closure is due to the bipolar diffusion of the plasma. When the anode plasma has been generated and the plasma closure has not occurred, electrons emitted from the initial plasma will be incident to the anode plasma, the vacuum diode will radiate microwave in this process. When the plasma closure has occurred, the voltage drop between cathode and anode will be the voltage drop in the arc column, and the radiation will be finished.
In order to describe the physical process, the cylindrical coordinate of q r z , , ( ) is established, the center line of the electron beam is the z axis, and the direction of u b is the positive direction, so that the physical model of the beam and the plasma is as shown in figure 2. It is assumed that the electron beam is a uniform beam, and the model of electron beam and the plasma is symmetrical in the q direction. The radius of beam is R, the beam density is n , b and beam velocity is u b = c b (c is the speed of light in a vacuum,
the plasma density is n . p If the diameter of the electron beam is much smaller than the radial dimension of the plasma, the plasma can be regarded as infinite in the radial direction. Because the self-generating magnetic field of the electron beam is a poloidal magnetic field, the plasma is magnetized by the magnetic field of the electron beam, and electromagnetic waves which propagate in the plasma along the axial direction and the radial direction perpendicular to the magnetic field become slow waves. There is an interface between the electron beam and the magnetized plasma, the model is divided into two parts by the interface: inside of the electron beam and outside of the electron beam.
Analysis of dispersion relation
In the discussion of the effect of the perturbation in the electron beam and the plasma, it is assumed that the ion is fixed, and the related physical quantities could be expressed as the sum of the quantity under equilibrium state and the perturbation quantity, as well as = + A A A.
0 1 This paper stipulates that the subscript 0 represents the quantity under equilibrium state; the subscript 1 represents the perturbation quantity. This paper also stipulates that the subscript z represents the quantity of axial direction; the subscript r represents the quantity of the radial direction. The perturbation quantity A 1 is related to w -kx t exp j j , ( ) (k and ω is wave number and angular frequency respectively), and it must suffice the condition  A A . 0 1 According to Maxwell equations, the perturbation quantity of electric field E 1 must suffice the wave equation. The symbol J 1 is the whole current density perturbation of the model.
For solving equation (1), it is needed to find out the relationship between the perturbation of the current density and the perturbation of the electric field, because the model is divided into two parts: inside and outside of the electron beam, so the relationship between the current perturbation and the electric field perturbation is found out for the two parts respectively, subscript b denotes the inside of the electron beam, while subscript p denotes the outside of the electron beam.
The perturbation inside of the electron beam
The initial velocity of the electron beam is in the z direction, the beam initial density is n b0 , and beam initial velocity is u . 
According to the condition of angular symmetry q ¶ ¶ = 0, the perturbation density inside of the electron beam is obtained by solving equation (2).
Because the magnetic field inside of the electron
is obtained by the Ampere circuital theorem, and the time derivative of r is
b1 the magnetic field can be written as
( ) and then u´B b1 b0 is infinitesimal, it can be ignored. For the perturbation inside of the electron beam, the linearized motion equation is 
The perturbation outside of the electron beam
The initial velocity of the plasma is zero, the initial plasma density is n . p0 The plasma must also suffice the continuity equation and the equation of motion, equation (7) is the continuity equation and equation (8) 
. 
2 (y is the included angle between u b0 and k ), and
Substitute every component of ε into equation (13), and then the refractive index of electromagnetic waves generated in the vacuum diode is obtained.
the resonance of electromagnetic waves will occur. If = ¥ n , 2 the denominator of equation (14) must be zero. Substitute the components of ε into the denominator, and then the following expression is obtained. 
( ) It is easy to find that the conformation of equations (15) and (16) is very similar. There is only one term on the right of the equal sign of both two expressions, this term is zero; there are three terms on the left of the equal sign, the first term of each expression is 1, the second term is related to the electron beam, the third term is related to the plasma. For the third term on the left of the equal sign, the equation (15) In fact, the diversities of equations (15) and (16) are mainly centralized in the second term, on the left of the equal sign.
The first situation: k r =0. The second situation:
( ) the directions of k and E 1 will be in the same direction, the vacuum diode could not radiate electromagnetic waves, and this inference does not match the phenomenon observed in experiment. To sum up, the precondition of
45 . All of the above analyses indicate that if the electromagnetic waves generated in the vacuum diode are extraordinary waves, the waves will resonate. The included angle between the direction of the electromagnetic radiation and the initial motion direction of electron beam is 45 degrees. When the electromagnetic radiation occurs, the electrostatic effect can be isolated from the beam-plasma interaction; therefore, the electromagnetic radiation in the direction of y =  45 can be discussed separately.
The dispersion relation of the electromagnetic radiation
The dispersion relation of the electromagnetic radiation generated in the vacuum diode is obtained by solving the wave equation in the q r z , , ( ) cylindrical coordinate. Resolve the wave equation (1) into the wave equations of axial direction and radial direction. Because of y =  45 scilicet y y = = tan arctan 1, and because the postulate w w  ce is sufficed, so that the imaginary parts are much greater than the real parts, the perturbation velocity outside of the electron beam only includes the real parts, and the expression is shown in (21), the perturbation of current density is written as (22). ( )
The partial differential equation of E z p1 is obtained by the same method. This equation is also the modified Bessel's differential equation of order zero, and the solution of the equation can be written as:
The symbol I 0 is the modified Bessel function of the first kind of order zero, and the symbol K 0 is the modified Bessel function of the second kind of order zero.
On the interface between the beam and the plasma scilicet = r R, the perturbations must suffice the boundary conditions in three directions of the q r z , , ( ) cylindrical coordinate. In the r direction, Gauss theorem is used to obtain the boundary condition ò ò ò
and the perturbation density n 1 is the sum of the perturbation density inside and outside of the beam, as well as = + n n n . 
is normalized by w , be 2 and equation (30) is obtained.
In the experiments, the diameter of the beam is limited to the centimeter level, and the current of beam is less than 1 kA, a < 0.5 can be estimated. The wavelength of the radiation is also limited to the centimeter level, so that  m 1. It is assumed that  c g -2 according to reference [4] ; while the critical value of c g = -2 could be selected to plot the dispersion curves. Finally, = m 0.95 and a = 0.1 are selected to plot the dispersion curves for different initial velocities of the electron beam, which is shown in figure 3 .
In the lab, the actual measurement radiation has been obtained under the condition of 700 A electron beam current, accelerating voltage 280 kV, and electron beam radius 1 cm, which is shown in figure 4 . The actual measurement timefrequency map shown in figure 4 is obtained by Garbor transformation. According to these data of experiment, it can obtain that 02 is selected to plot the dispersion curve, which is shown in figures 6 and 7 is the timefrequency map. It is convenient to find that the frequency of radiation from the diode is about f be from figure 6 , and the actual measurement radiation is also on the same frequency. When the beam current and the electron velocity are rather low, the dispersion relation of the theoretical deduction approximates a horizontal line, and the time-frequency map also approximates a horizontal line.
From the curves which have already been plotted in this paper, there is not an intersection point of the curves of the dispersion relation and the straight line of light velocity, and the frequency of the electromagnetic waves that radiate from the diode is greater than g w -, 2 be in other words, the frequency of radiation exceeds the frequency of the plasma w .
pe The undulation of the dispersion curves becomes smaller and smaller with the decrease of electron beam velocity. 
Conclusion
(1) This paper derives the dispersion relation of the microwave radiation generated by the breakdown process of the vacuum diode, and the dispersion curves are plotted by the dispersion relation. The theoretical deduction and the experiments indicate that the microwave radiation generated in the vacuum diode is the consequence of interaction between the electron beam and the magnetized plasma. (2) The electromagnetic waves generated by the beamplasma interaction in the vacuum diode are extraordinary waves, the waves will resonate with the magnetized plasma, and the included angle between the direction of the electromagnetic radiation and the initial motion direction of electron beam is 45 degrees. When the electromagnetic radiation occurs, the electrostatic effect can be isolated from the beam-plasma interaction.
Therefore the electromagnetic radiation in the direction of y =  45 can be discussed separately. (3) The theoretical dispersion curves derived in this paper are consistent with the time-frequency map. The undulation of the dispersion curves becomes smaller and smaller with the decrease of the electron beam current. In the end, the dispersion curve will be similar to a horizontal line. The problem discussed in this paper is only for the situation of low electron beam current, and the problem of higher electron beam current is needed to discuss this further. 
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